In this study, the newly designed bipolar plate for proton exchange membrane fuel cells (PEMFC) was produced by spray-coating the Ni 65 Cr 15 P 16 B 4 metallic glassy alloy on Al plate. The Ni 65 Cr 15 P 16 B 4 metallic glass was adopted as a coating material because of its excellent corrosion resistance and the high velocity oxy-fuel (HVOF) spray coating was used for the metallic glass deposition on the Al plates having a bipolar plate flow field.
Introduction
Proton exchange membrane (PEM) fuel cell has been widely recognized as one of the most powerful candidates for near future power generating devices of the automobiles and the home appliances. Bipolar plates are one of the most important components of PEM fuel cells and are multifunctional as they conduct electricity from cell to cell, they separate the fuel gas from the oxidant gas, and their flow field supplies the gases to the electrodes. Bipolar plates are conventionally made of carbon graphite. 1) However, high production cost of graphite bipolar plate inhibits wide spread use of the fuel cells. Moreover, it cannot be used to make a thinner bipolar plate because of its significant brittleness. Thinner bipolar plates will lead to a compact fuel cell, resulting in saving costs and enhancing the usefulness of fuel cells.
Compared to the carbon graphite, the metallic materials have many advantages such as low-cost, good electrical and thermal conductivities, excellent mechanical properties and good workability. However, corrosion may occur when the metallic bipolar plates are used under acidic atmosphere in the fuel cells, which leads to the dissolution of metallic ions. The contamination of the membrane and electrode with metallic ions deteriorates the performance of the fuel cells. Additionally, interfacial contact resistance increases because of the formation of the passive film on the metal surface. So, metallic bipolar plates still have many challenges to overcome. [2] [3] [4] [5] Recently, metallic glasses have attracted much attention because of their excellent engineering properties, such as high strength and superior corrosion resistance. [6] [7] [8] Furthermore, metallic glasses can show super-plastic deformation in a super-cooled liquid state in the temperature range between the glass transition temperature, T g and the crystallization temperature, T x . The Ni-based amorphous alloys with nonmetal such as Ni-P, 9) Ni-B, 10) Ni-Si-B 11) have been in limelight and reported for three decades. For example, the mechanical properties of the Ni-W-P amorphous alloy thin film deposited on substrates by electro-plating was reported. 12) Hashimoto et al. reported that the Ni-Cr-P-B quaternary amorphous alloys possessed excellent corrosion resistance. 13 ) Recently, we found that the Ni-Cr-P-B amorphous alloy had a wide super-cooled liquid region, ÁT x . 14) We have studied the metallic glassy alloys for bipolar plate and tried to produce metallic glassy alloy bipolar plates by melt-spinning and subsequent hot-pressing at around T g . [15] [16] [17] High velocity oxy-fuel (HVOF) spray coating has been widely used to produce thick protective surface film on various industrial applications to reduce wear and corrosion. [18] [19] [20] The feedstock powder particles were injected into a high velocity combustion gas jet. Because of high bombardment energy available in HVOF thermal spraying process, collision of the partially molten particles on the substrates results in the formation of a dense coating film.
So, we tentatively produced the Ni-Cr-P-B metallic glasscoated bipolar plates by using the HVOF spray coating technique in this study. The corrosion behaviors of the NiCr-P-B metallic glass under the fuel cell circumstances and the electricity generating properties of the single fuel cell with the metallic glass-coated bipolar plates were also examined.
Experimental
A Ni 65 Cr 15 P 16 B 4 master alloy was prepared by inductionmelting the high-purity elements of Ni (99.9%), Ni 3 P (99%), Cr (99.9%) and B (99.5%) in a copper crucible under an argon atmosphere. Ni 65 Cr 15 P 16 B 4 metallic glassy powder used as a feedstock of HVOF spray-coating was prepared by a high-pressure argon gas-atomization process. The HVOF thermal spray system (PRAXAIR/TAFA, JP-5000) was used to produce Ni 65 Cr 15 P 16 B 4 thick film on Al plates having a flow field of bipolar plates. The fuels for combustion were kerosene and O 2 and the carrier gas of powder was N 2 . The film thickness was about 200 mm. Prior to the HVOF spraycoating, the Al plates with a flow field were prepared by hotpressing and their surface was roughened by abrasive blasting to increase the adhesion between the surface alloy film and the Al plate. The thickness of the Al plates was 0.3 mm. Figure 1 shows a schematic illustration of the flow field designed in this work. After the HVOF spraying, the coated samples were slightly deformed because of thermal damage. So, it was necessary to hot-press the coated bipolar plates subsequently at around T g (= 660 K) after the HVOF spray coating.
The Amorphicity of the coated samples were examined by X-ray diffractometry (XRD) with a monochromatic Cu-K radiation at 40 kV and 40 mA. The microstructure of the film was observed by scanning electron microscopy (SEM: JEOL, JEM3000F).
The polarization curves were measured by using a Hokuto Denko HZ-3000 Potentio/Galvanostat controlled by a computer. Platinum net was used as a counter electrode and sample potential was measured against saturated calomel electrode (SCE) in 1 M H 2 SO 4 solution at 348 K purged either with H 2 gas to simulate the PEMFC anode environment or air to simulate the PEMFC cathode environment. In order to avoid the formation of a protective film on the surface of the samples, the cathodic polarization was conducted first and then the anodic polarization was also conducted at a potential sweep rate of 20 mVÁmin À1 . The I-V characteristics of single cells with the Ni 65 Cr 15 P 16 B 4 metallic glassy bipolar plates, with Al bipolar plates and with carbon graphite bipolar plates were measured by an automatic fuel-cell test system (Toyo Technica, PEMTest8900). A standard PEM fuel cell was purchased from Electrochem Inc. The MEA area is 5 cm 2 . Humidification was 100%RH for H 2 and O 2 at 343 K. The cell temperature was 353 K and the gas flow rate was 0.1-0.3 LÁmin À1 . Figure 2 shows the outer view of the Ni 65 Cr 15 P 16 B 4 metallic glass-coated Al bipolar plate produced by HVOF spray-coating and subsequent hot-pressing. The glass film was deposited on both sides of the plates. Figure 3 shows the XRD patterns of the Ni 65 Cr 15 P 16 B 4 metallic glassy alloy prepared by three different techniques, melt-spinning (Ribbon), gas-atomizing (Powder) and HVOF spray coating (HVOF). Powder sample was prepared for the feedstock of HVOF spray coating in this work. Melt-spun sample possessed a single glassy phase as indicated in the figure. It is easy to obtain a glassy sample by melt-spinning because its thickness is very thin (about 20 mm in thickness). However, the powder sample and the HVOF spray-coated one showed a broad halo peak coming from glassy matrix and some small peaks coming from small crystalline phases. Although it was possible to optimize the experiment conditions to avoid subtle crystallization during the gasatomizing and the HVOF spray coating, we used these types of the samples having a broad halo peak and small distinct peaks in the XRD observations. spray-coating. The film was so thick that large pinholes connecting the surface and the substrate are not seen in the glassy film, since the thickness of the film was about 200 mm. Moreover, the boundary between the film and the substrate is not flat because the abrasive blasting on the Al substrate was conducted before the spray coating to increase the adhesion of the film to the substrate. Figure 5 shows the polarization curves of both the Ni 65 Cr 15 P 16 B 4 metallic glassy as HVOF coated films and the subsequently hot-pressed films. Figures 5(a) and (b) show the polarization curves measured in 1 M H 2 SO 4 solution at 348 K with air bubbling and H 2 bubbling, respectively. As seen in Fig. 5(a) , the as-HVOF coated Ni 65 Cr 15 P 16 B 4 glassy film showed slightly higher corrosion current density than the high corrosion-resistant stainless steel SUS316L. However, the glassy film prepared by HVOF coating and subsequent hot-pressing showed lower corrosion current density than the SUS316L in the PEMFC cathode environment at around 0.6 V. Moreover, the glassy film after the subsequent hotpressing showed lower corrosion current density than the SUS316L in the PEMFC anode environment at around À0:1 V. The subsequently hot-pressed film samples showed better corrosion resistance than the as-HVOF coated samples. This may be because the film became denser and the surface of the film became flat after the subsequent hot-pressing, resulting in accurate estimation of the surface area and reduction of defects in the microstructure. High corrosion resistance is one of the essential properties of bipolar plate materials. It was found that the Ni 65 Cr 15 P 16 B 4 glassy film prepared in this work showed excellent corrosion resistance. Then the electricity generating tests were conducted with a single fuel cell having the glassy alloy bipolar plates. corrosion resistance of the Ni 65 Cr 15 P 16 B 4 metallic glass is so high that it can be applied to bipolar plates in practice. Then the electricity generation was conducted for 24 h to examine the stability of the glassy alloy bipolar plates. Figure 7 shows the results of the long time durability tests conducted at constant current density of 200 mAÁcm [15] [16] [17] In their previous papers, the melt-spun alloy sheet of 50 mm in thickness and 50-100 mm in width was used to fabricate the metallic glassy alloy bipolar plates by hot-pressing at around T g . It was reported that the cell performance using those glassy alloy bipolar plates was lower than that with carbon graphite bipolar plates. This may be because it was difficult to mount such a thin bipolar plate on the carbon frame without gas leak and also without the increase in the contact resistance. In this work, metallic glass coated bipolar plates were produced in a bulk form and it was easy to mount those bipolar plates in a single fuel cell. At any rate, we have succeeded to produce the metallic glassy alloy-coated bipolar plates having high corrosion resistance and the single cell employing those metallic glassy alloy-coated bipolar plates shows good I-V performance as well as that with carbon graphite bipolar plates.
Results and Discussion

Conclusions
In this work, the Ni 65 Cr 15 P 16 B 4 metallic glass coated bipolar plates were produced by the HVOF spray coating and subsequent hot-pressing. The corrosion behavior of the glassy alloy was investigated with a Potentio/Galvanostat in a H 2 SO 4 solution at 348 K. Then the electricity generating tests were conducted with a single cell having the glassy alloy bipolar plates. The conclusions obtained in this work are as follows.
(1) The corrosion resistance of the Ni 65 Cr 15 P 16 B 4 glassy alloy film produced by the HVOF spray coating was studied in a 1 M H 2 SO 4 solution at 348 K. As a result, the as-HVOF coated Ni 65 Cr 15 P 16 B 4 glassy alloy film showed larger corrosion current density than the high-corrosion-resistant stainless steel SUS316L. However, the glassy alloy films prepared by the HVOF spray coating and subsequent hotpressing showed lower corrosion current density than the SUS316L. This is because the film became denser with flat surface, resulting in reducing the corrosive defects and more accurate estimation of sample area.
(2) The I-V characteristics of the single fuel cell having the Ni 65 Cr 15 P 16 B 4 glassy alloy-coated bipolar plates produced in this study were examined at 353 K with pure H 2 and O 2 gas flow. As a result, the single cell with the metallic glass-coated bipolar plates showed very high I-V performance as well as the cell with the carbon bipolar plates. The long time durability tests were conducted for 24 h at the constant current density of 200 mAÁcm À2 . As a result, the single cell with the glass-coated bipolar plates showed no voltage drop during the test as well as that with the carbon graphite bipolar plates. The single cell with the Al bipolar plates showed a significant voltage drop due to the increase in contact electrical resistance. So, it was found in this work that the Ni 65 Cr 15 P 16 B 4 glassy alloy-coated bipolar plate produced by the HVOF spray-coating and subsequent hotpressing was found to have a potential for practical use for the fuel cells. 
